THE EFFECT OF ENV1RONMENTAL FACTORS on sur\ival of microbial control agents has been well documented (Ignoffo 1992) . In general, e;.,:posure of microbial pesticides to just a few hours of direct simulated sunlight in the laboratory will result in inactivation and loss of insecticidal activity (Ignoffo et al. 1976 , Pozsgay et al. 1987 . When a microbial peSticide is applied to plants under more natural conditions, however, survival is extended and activity may persist for up to several days (Ignoffo 1992 ). This effect is probably caused by shading of the microhabitat of the spray deposit. In com whorls, where shading is magnified, insecticidal activity of Bacillus thuringiensis survived many days reports of research only. Mention of a proprietary product does not constitute an endorsement or a recommendation for its use bv USDA.
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. in commercial formulations (Lvnch et aL 1980 , McGuire et al. 1994 . Nevertheiess, residual activity of foliar depOSits of B. thuringiensis and other entomopathogens currently under commercial development needs improvement for wide scale acceptance by growers and consultants making pest management decisions. Besides sunlight, rainfall also plays a major role in residual activity of B. thuJingiensis and other pesticides. The development of formulation ingredients that can protect microbial pesticides from sunlight and rainfall should contribute to a more Widespread use of entomopathogens.
Pregelatinized cornstarch is disperSible in water and will form an insoluble film on a leaf surface upon drying. Other natural materials such as potato starch and com flour can also be gelatinized to produce similar film-forming materials. reported the use of mirasperse (Staley, Decatur, IL), a pregelantinized cornstarch, combined with powdered sucrose as an additive to spray solutions for protection of B. tlwJingiensis. Bioassays \\ith European com borer, Vol. 89, no. 4 Ostrillia Illlbilalis (HUbner). neonates demonstrated enhanced rainbstness of this formulation. Since the initial publication appeared, improvements have been made to this formulation.
Here we report results of field and laboratory expeIiments done to assess the effects of starch and flour formulations on residual activitv. as well as to determine the amount of mateIial' required to enhance and extend the acti\itv of B. tllllrillgiellsis. Besides the practical benefits gained, formulation research may also help to explain the relative effects of different environmental factors on survival of microbial pesticides.
Materials and Methods
Field Studies. Tests were conducted in 1989 and 1991 at the University of Illinois Vegetable Crops Farm in Champaign. These tests were deSigned to measure the effect of formulation ingredients on efficacv and residual activitv of B. thurillgiellsis. The test plant used in the 'field studies was cabbage (Brassica oleracea L., 'Market PIize', 1989 : Hancock HybIid, 1991 transplanted =1 mo before the 1st spray application. Treatments were assigned in a randomized complete block deSign with 4 blocks. Plots were 7.6 m long; they were composed of 4 rows of cabbage spaced.51 cm apart within rows and 1 m apart between rows. Just before spraying, a premeasured amount of formulation was added to water in a bucket. The water was agitated \\ith a paint stirrer attached to a power drill. The mixing svstem was necessarv for several of the fornmhlti'ons to avoid cIumi}ing. Approximately 6 liters was prepared for each treatment. After mixing. the solution was added to a spray cylinder equipped \\ith an air attachment that provided continuous agitation during application. Dipel 2X WP (wettable powder, Abbott, North Chicago, IL) was used as a commercial B. thuringiellsis product to compare the relative effectiveness of the formulation additives. Rates of B. thurillgiellsis were constant across all treatments at 4X 10'10 IU/ha. Formulations were applied to cabbage with a tractor equipped \\ith a 4 row spray boom \\ith :3 hollow cone nozzles (Conejet TXSS-8. Spraying Systems, \Vheaton. IL) per row at 280 liters/ha. a spray pressure of:3..5 kgicm 2 • and tractor speed of :3.2 km/h. A formulation was applied to all 4 replicates within a treatment: the spray system was then flushed \\ith water before application of the next formulation. In 1989. formulations were applied on :30 June and 7. 1:3. 24, and :31 July. In 1991. formulations were applied on 28 June, 18 and 26 July and 1 August. \Veather information was gathered daily from a recording station located =1 km from the plots,
The colony of diamondback moth, Plutella xylostella (L.) (Shapiro 1989) and B. thllrillgiellsis (Dunkle and Shasha 1989) . Coax (Bell and Romine 1980) is a feeding stimulant shown to have activity in granular starch formulations for the European com borer , McGuire et a1. 1990 ). Bond (Loveland Industries. Greeley, CO) was added as a spreader sticker to the Dipel 2X treatment only at the rate of 0.2% of the spray volume.
To augment natural populations of insects. :3.000 laboratory-reared P. xylostella moths were released into the plots 2 wk before the 1st application. In addition, .5 consecutive plants in a middle row of each plot were artificially infested \\ith 8 P. xylostella larvae 4 d before the 1st application. Because of heavy rain later that dav. each mtificiallv infested plant received :3 additio;lal larvae :3 d iater (1 d before application).
SLx days after application. plants that had been infested \\ith larvae were carefully dissected and examined for the presence of insects. Numbers of eggs, larvae, and pupae of P xylostella, imported cabbageworm. Pieris rapae (L.). and cabbage looper. Trichoplusia Ili (HUbner) were recorded. FollOWing the 4th application. 5 consecutive plants in the same row in each plot were harvested and similarly examined over 4 d beginning :3 d after application.
To determine the effect of formulations on residual insecticidal activity of B. thurillgiellsis, leaves were collected at O..3. and .5 d after the last application. Leaves for the O-d sample were collected = 1 h after application. For each sample, 15 frame leaves nearest to the wrapper leaves were taken from \\ithin the 4 replicates and pooled. Samples cut from :3 leaves were placed in a Single glass petIi dish lined \\ith moist filter paper. Five P xylostella larvae (2nd to 4th instal') were transfen'ed with a cameI's-hair brush to each of.5 dishes per treatment. Dishes were held at 27°C and photopeIiod of 16:8 (L:D) h. Morality was assessed :3 d later.
1991 Study. Because of the high cost of mirasperse (approximately SL541kg), subsequent tests were done \\ith a pregelatinized com flour product (deSignated 62, 191 ; approximately SO..5.5/kg) from Illinois Cereal Mills (Paris, IL). Flour has =10% protein and is not entirely dispersible in water. In an attempt to low'er rates of solids, we deSigned this experiment to determine the effect of the amount of solids on efficacy and residual activity of the flour-based formulations. Flour was mixed with equal amounts of confectioners' sugar as in 1989 and then mixed \\ith B. thlllingiensis technical powder. Treatments consisted of 1, 2, and 4% flour sucrose with or \\ithout carbon black as a sunlight screen (Ignoffo et al. 1991) . Carbon black replaced 1% of the flour/sucrose mhiure if added. Triton CS-7 (Rohm & Haas, Philadelphia, PAl at 420 glha was included as an adjuvant in the Dipel 2X treatment only.
Because of high natural infestations, no population augmentation \\ith P xylostella was necessary. As in 1989, five consecutive plants per plot were examined for insects 3 d after the 1st spray and 5 more plants were examined starting 3 dafter the last spray application.
Two residual activity experiments were done. For each experiment, 2 leaves from middle row plants were selected from each plot and handled separately. Two leaf disks (4 cm diameter) were cut from a leaf and placed in a plastic petri dish lined \\ith moist filter paper. Ten P xylostella larvae were then added to each dish and mortality was assessed :3 d later. This sampling procedure allowed 8 dishes per treatment (2 subsamples per replication; total of 80 larvae per treatment per sample period). The 1st set of leaves was collected 0, 3, 5, and 7 dafter the 2nd spray application; the 2nd set was collected 1, 3, 6, and 8 d after the last application.
Statistical Analysis. In 1989, evaluations of formulations were part of a larger insecticide test to determine product efficacy against cabbage pests. In 1991, the B. thlllingiensis formulation trial was done separately from other product efficacy tests. Insect counts were analyzed using analysis of variance (ANaVA) on raw data. Means were separated by using only preplanned least Significant difference tests. Results from the residual activity tests were analyzed by day after application. In addition, linear contrasts were used to determine differences in mortality among groups of formulations (Statistix Analytical Software 1993).
Laboratory Studies. Laboratory experiments were done to measure rainfastness and solar stabilitv of the flour/sucrose formulations. In both studies, formulations were prepared as previously described \\ith solids rates of O. 0.5, 1, 2, or 4% flour/sucrose. Dipel 2x \\ith no additional adjUvants was used as a commercial standard. Preliminary tests demonstrated that relatively low levels of B. thlllingiensis were necessary to obtain a discernible difference in formulation. Therefore, treatments contained only 13,600 IU B. thllringiensis/ml water, compared with =140,000 IU/ml used in field tests. Test insects were obtained from a colonv of O. nllbilalis that was reared on artificial diet with methods described bv Guthrie (1989) ; the colony was supplemented pe'riodically with egg masses from the USDA-ARS Com Insects Research Unit in Ames, IA.
To measure rainfastness, formulations were applied to cotton, GOSSypilllll hil~~lltlllll L. 'DES119', plants in a track-t;1)e spray booth (DeVlies Research Track Spray Booth, Hollandale, MN). Plants were grown under greenhouse conditions and had at least ,5 fully expanded tme leaves when used. Plants were placed =:30 cm from the 8002 flat fan spray nozzle (Spraying Systems). Formulations were delivered at a volume of 2:34 liters/ha, a nozzle speed of 3.2 km/h, and pressure of 2.1 kglcm 2 . After drying, plants were subjected to artificial rainfall, The track sprayer was modified to spray tap water through a continually traversing full cone nozzle (FL ,5 VS, Spraying Systems) at a pressure of 2.1 kglcm 2 . This system delivered =6 cm of rain over a 60-min period as measured by a rain gauge. Plants were allowed to dry before leaf disks (33 cm diameter) were removed for bioassay.
Ten leaf disks were taken for each treatment. i\S controls, leaves that received a formulation application but no rain were also assaved.
To measure solar stability. 100 'ILI of formulation was carefully spread onto 'a :33-cm 2 leaf disk that had been marked onto a cotton leaf while still attached to the plant. For each formulation, 20 disks were treated. Ten disks received solar treatment: the other 10 remained in the laboratorv under ambient light conditions. The solar treatn1ent consisted of plaCing the cotton plants under a SunTest CPS (Hereaus, Hanau, Germany) light source so that all 10 marked leaves were equidistant from the light. To avoid excessive drying of the leaf tissue, a screen of Tefcel (American Durafilm, Holliston, MA) was placed between the light and the plants. Light intensity readings taken with a solar spectroradiometer (LiCor, Lincoln, NE) demonstrated vel; little loss of energy in the :300-to 800-nm range (Fig. 1) . After 8 h of exposure, leaves were still green, supple, and virtually indistinguishable from unex1)osed leaves.
A similar bioassav was used for each laboratorv experiment. After ,~ll treatments were completed, leaf disks were removed and placed in petri dishes \\ith 10 neonate a. nllbilalis. Untreated leaves were used to measure fitness of the bioassay procedure.~'1ortality was assessed after incubation for 3 d at 27°C and' constant light. ANaVA was done with raw data and means were separated with least significant difference tests P = 0,0,5 (Statistix Analytical Software 1993).
Results
Field Conditions. In 1989. temperatures were unusually cool during the study. \\ith highs ranging from 19 to 34°C and lows ranging from 11 to 24°C. Rain (4 mm) occurred :3 d after the first application, but no rainfall occurred during the residual activity assav. The 1991 season was warmer. \\ith highs 'rangi~g from 24 to 37°C and lows ranging from 14 to 24°C. Rainfall was recorded :3 and 4 d (23-and 3-mm amounts, respectively) after the 1st (Table  2) . When numbers of tlle 3 lepidopteran species were combined, no significant differences were observed among treatments containing B. thuringiensis. After tlle 4th application, however, plants treated with flour/sucrose formulations had Significantly fewer diamondback moth larvae (P = 0.0001, witll average means ranging from 3.3 to 4.7 per plant) than did plants treated \\ith Dipel 2X (average mean of 9.8 per plant).
Residual Activity. 1989 Study. B. tlwringiellSis fOn1mlated in mirasperse/sucrose was still highly active on cabbage leaves 5 d after application (Table 3). Dipel 2X lost activity during tlle same 5-d spray application. RainfaIl occurred again over a 3-d period during the following week, delaying the 2nd spray application until 18 July. Thereafter, conditions were drv until the 2nd residual toxicity assay when rains o~curred 4, 5, and 6 d after th4 th 'spray application (7-, 41-, and I-mm amounts recorded, respectively).
Efficacy of Formulations. 1989 Study. As pre\iously described, this trial was part of a larger insecticide evaluation study. Statistics were calculated with data from the entire experiment (a total of 21 treatments) but preplanned comparisons of means were calculated for the treatments of interest only (Table 1) . After the 1st spray, fewer Lepidoptera immatures were found on cabbage treated with formulations containing B. thwingiensis than on the untreated plants. No significant differences were observed among formulations. After the 4th spray, however, numbers of immature lepidoptera were Significantly lower in plots treated with mirasperse/sucrose formulations tllan in plots treated \\ith the commercial formulation. Diamondback moth was the most common lepidopteran pest found in cabbage samples during the season. Average numbers of larvae and pupae per plant in untreated plots during the 2nd sampling were 14.3 for diamondback moth, 2.4 for imported cabbageworm, and 2.3 for cabbage looper. period. The addition of Congo red or Coax did not significantly affect residual activit)' of the mirasperse/sucrose formulation.
1991 Study. Following the 2nd application, residual activit)' of all formulations containing flour/sucrose remained high until 5 d after application (Table 4) . Dipel 2X was significantly less effective after just 3 d. High mortality in the untreated control was attributed to spray drift. Consequently, the subsequent residual activit)' test was initiated 1 d after application. Within 7 d after application, percentage of mortality of diamondback moth larvae varied among tlle flour/sucrose formulations. Linear contrasts (Table 5) demonstrated that major differences occurred because of percentage solids, i.e., formulations with 1% flour/sucrose were significantly less effective than formulations with 2 or 4% solids. As in 1989, no differences were observed with tlle addition of a potential sunscreen (carbon black). In the 2nd residual activity assay, done after the 4th application, all B. thuringiensis formulations maintained high Table 4 . Residual acti,ity of B. thuringiensis formulations applied to cabbage after the 2nd application, 1991 *. l' < 0.02.5. C. carbon black. Student t (df = .52).
a Percent (wt:vol) total flour and sucrose in the final tank mex. activity for 3 d (Table 6 ). However, rain occurred during days 4, .5, and 6 after application. At 6 d after application, significant differences occurred among fommlation types. Again, differences were observed among formulations with different percentage solids. Formulations with 1% flour/sucrose were less effective than fommlations with 2 or 4% solids (Table ,5 ). Activity of Dipel 2X was similar to activity of formulations with 1% solids. At 6 d after application, we found a significant positive effect because of the presence of carbon black but this difference did not hold up through 8 d. After 8 d on cabbage leaves, only fonnulations containing 4% flour/sucrose were still killing a high (>90%) percentage of larvae. Differences were not observed between formulations with 1 and 2% flour/sucrose. Dipel 2X was similar in activity to the flour/sucrose formulations except for the formulation tllat contained 4% solids plus charcoal.
Laboratory Studies. Formulations containing flour/sucrose were not retained on leaves after a 6-cm rain delivered over a 60-min period (Table  7) . SurpriSingly, Dipel 2X had the highest activity after rain compared with flour/sucrose formulations. See Table 2 for footnotes about fonnulations. Cabbage leaves were collected and fed to diamondback moth larvae in petri dishes. Mortality was assessed after 3 d.
See Table 2 for footnotes about formulations. Cabbage leaves were collected and fed to diamondback moth larvae in petri dishes. Mortality was assessed after 3 d feeding. Vol. 89, no. 4 Tahle 7. Effeet of artificial rain on insectieidal acthitv of B. thllringiensis in flour/sucrose formulations applied to cotton foliage Formulations containing flour/sucrose retained significantly more insecticidal activity than fommlations without flour/sucrose after 8 h of e:-.:posure to a solar simulator (Table 8 ). Formulations conhuning as little as 0.. 5% solids prO\ided protection equally well as formulations with up to 4% solids and better than formulations with no flour/sucrose.
Discussion
Results of our ex-periments suggest that the addition of film-forming materials such as comstarch or com flour to microbial pesticide formulations mav increase efficacv and extend residual acti\itv of the active ingreclient. In fresh-market vegetables such as cabbage, even a small amount of damage or the presence of insects may make the product unmarketable (Greene et a1. 1969 ). Improvements to formulations that eliminate pests from marketed product will serve to enhance the use of microbial pesticides.
Residual activity of B. thuringiensis has long been a source of discussion among pest management decision makers. Loss of activity to rain is a problem related to almost all pesticides, including B. thuringiensis: but loss of activity caused by sunlight is a well-kTlo\V11 characteristic of B. tlnningiensis, other insect pathogens, and certain chemical pesticides (Ignoffo and Hostetter 1977) . vVe have found that addition of a flour/sucrose mi.xiure to a B. tlll/ringiensis preparation can affect the longevity of B. tl!1lringiensis in the field. Even 8 d after application. cabbage leaves treated with a formulation containing 4% solids killed almost 100% of the larvae tested~whereas a commercial product lost a significant amount of aCtivity within 5-6 d. However. these tests clearly indicate that rain reduced residual activity of foliar depOSits in the field except when formulations conhuned 4% solids (Table 6). This characteristic mav limit the usefulness of these particular formulation ingredients. If applications are made to crops where nunfastness is a major concem, spray volumes \\ill have to be very low to make the formulation practical. Even at spray volumes as low as 20 liters per hectare, a a Grams material per 100 ml water.
total of 800 g of flour/sucrose per hectare would be necessary to achieve a tank mi.x with 4% solids. vVhereas 'our laboratorv studies did not demonstrate protective effects of film fom1ing materials on rainfastness, the other characteristics of these materials are evident. If rain is not a major concem, lower amounts of solids may be effective in prO\iding protection again solar degradation. Our laboratory studies suggest that even 0.,5% solids may give significant solar protection of B. thuringiensis. An ex-posure time of 8 h in the solar simulator is equivalent to =3 d in the field (M.R.M., unpublished data). In addition, field residual activitv tests done in the absence of rain showed that 1%flour/sucrose protected B. tlll/ringiensis activity for at least 5 d (Table 4) . This effect could be caused by the presence of aromatic compounds in the flour that may absorb damaging wavelengths of light. This characteristic may also ex-plain why the addition of carbon black did not have a major effect on retention of aCtivity under field conditions. The use of flour instead of starch mav have benefits in addition to the cost differenti~l. Gillespie et al. (1994) showed that granular fommlations made \\ith flour were preferred more than starch formulations by O. nubilalis larvae. Possibly, flour/sucrose formulations offer a potent feeding stimulant to lepidopteran larvae; Bartelt et al. (1990) demonstrated that single component feeding stimulants were not as effective as multiple component stimulants. Flour, which contains starch, protein, ,md a little oil, and sucrose may be a simple and economical combination to enhance palatability of B. thulingiensis fommlations.
In conclusion, ingredients such as starch or flour combined with sucrose may have applicability as insecticide additives for some situations. The formulation process is versatile and allows incorporation of a number of different additives. The film forming characteristics of the pregelatinized materials allow additives to remain on target surfaces more closely to the active ingredients and for a longer period of time than conventional formulations now offer.
